Effects of a High-Protein Diet on Cardiometabolic Health, Vascular Function, and Endocannabinoids—A PREVIEW Study by Tischmann, Lea et al.
nutrients
Article
Effects of a High-Protein Diet on Cardiometabolic
Health, Vascular Function, and Endocannabinoids—
A PREVIEW Study
Lea Tischmann 1,2,*,† , Mathijs Drummen 1,2,†, Peter J. Joris 1,2 , Blandine Gatta-Cherifi 3,4,5,
Anne Raben 6 , Mikael Fogelholm 7 , Isabelle Matias 4,5, Daniela Cota 4,5,
Ronald P. Mensink 1,2, Margriet S. Westerterp-Plantenga 1,2 and Tanja C. Adam 1,2
1 Department of Nutrition and Movement Sciences, Maastricht University Medical Centre,
6200 MD Maastricht, The Netherlands
2 NUTRIM School of Nutrition and Translational Research in Metabolism, Maastricht University,
6200 MD Maastricht, The Netherlands
3 Department of Endocrinology, University Hospital of Bordeaux, F-33607 Pessac, France
4 INSERM, Neurocentre Magendie, Physiopathologie de la Plasticité Neuronale, U1215,
F-33000 Bordeaux, France
5 Neurocentre Magendie, Physiopathologie de la Plasticité Neuronale, U1215, University of Bordeaux,
F-33000 Bordeaux, France
6 Department of Nutrition, Exercise and Sports, University of Copenhagen, DK1017 Copenhagen, Denmark
7 Department of Food and Environmental Sciences, University of Helsinki, FI-00014 Helsinki, Finland
* Correspondence: l.tischmann@maastrichtuniversity.nl
† Both authors contributed equally to the paper.
Received: 23 April 2020; Accepted: 20 May 2020; Published: 22 May 2020


Abstract: An unfavorable lipid profile and being overweight are known mediators in the development
of cardiovascular disease (CVD) risk. The effect of diet, particularly high in protein, remains under
discussion. Therefore, this study examines the effects of a high-protein (HP) diet on cardiometabolic health
and vascular function (i.e., endothelial function, arterial stiffness, and retinal microvascular structure),
and the possible association with plasma endocannabinoids and endocannabinoid-related compounds
in overweight participants. Thirty-eight participants (64.5 ± 5.9 (mean ± SD) years; body mass index
(BMI) 28.9 ± 4.0 kg/m2) were measured for 48 h in a respiration chamber after body-weight maintenance
for approximately 34 months following weight reduction. Diets with either a HP (n = 20) or moderate
protein (MP; n = 18) content (25%/45%/30% vs. 15%/55%/30% protein/carbohydrate/fat) were provided
in energy balance. Validated markers for cardiometabolic health (i.e., office blood pressure (BP) and
serum lipoprotein concentrations) and vascular function (i.e., brachial artery flow-mediated vasodilation,
pulse wave analysis and velocity, and retinal microvascular calibers) were measured before and after
those 48 h. Additionally, 24 h ambulatory BP, plasma anandamide (AEA), 2-arachidonoylglycerol (2-AG),
oleoylethanolamide (OEA), palmitoylethanolamide (PEA), and pregnenolone (PREG) were analyzed
throughout the day. Office and ambulatory BP, serum lipoprotein concentrations, and vascular function
markers were not different between the groups. Only heart rate (HR) was higher in the HP group.
HR was positively associated with OEA, while OEA and PEA were also positively associated with total
cholesterol (TC) and low-density lipoprotein (LDL) cholesterol concentrations. Vascular function markers
were not associated with endocannabinoids (or endocannabinoid-related substances). In conclusion,
the HP diet did not affect cardiometabolic health and vascular function in overweight participants after
completing a weight-loss intervention. Furthermore, our data indicate a possible association between
OEA and PEA with TC and LDL cholesterol.
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1. Introduction
Cardiovascular disease (CVD) is the most common cause of death worldwide [1]. Well-known
mediators in the development of vascular damage and CVD are an unfavorable serum lipid profile
and being overweight [2]. Whilst an unhealthy diet (e.g., high in salt and saturated fat) is known
as a risk factor for the development of CVD [2], the effect of macronutrients, in particular the effect
of dietary protein in general remains under discussion [3]. Reviews on the relationships between
longer-term protein intakes with CVD [4], serum lipids, and blood pressure (BP) [5] are however
inconclusive and more research is warranted in this field [6–8]. In addition to diet, it has recently been
suggested that the endocannabinoid system (ECS) plays a role in the regulation of cardiometabolic
health and vascular function. The ECS consists of three components: (1) the cannabinoid receptors
(CB1 and CB2), (2) enzymes responsible for the metabolization of ligands, and (3) endogenous ligands.
Those ligands are endocannabinoids like anandamide (AEA) and 2-arachidonoylglycerol (2-AG),
and endocannabinoid-related compounds like oleoylethanolamide (OEA), palmitoylethanolamide
(PEA), and pregnenolone (PREG).
AEA and 2-AG may affect factors directly related to cardiovascular health [9–11] including the
regulation of blood pressure [11] and may exert beneficial vasoactive properties [10,12]. More specifically,
a positive correlation of 2-AG with body mass index (BMI) and body fat percentage, with an unfavorable
lipid profile, and a higher glycemic response has been found [9]. For AEA, results are more conflicting,
as plasma concentrations vary considerably among studies [9]. Treatment with CB1 antagonists
improved plasma lipid profiles [13–15], and reduced blood pressure in humans [11], but was also
associated with adverse events including psychological problems [16]. Data on the impact of diet on
the ECS system are limited, but it may be affected by fat intake [17]. Recently, however, we found a
higher dietary protein intake had an enhancing effect on plasma 2-AG concentrations [18].
Currently, human intervention data on the role of the ECS in protein-induced effects on
cardiometabolic health and vascular function are limited. Related to our findings of an increasing effect
of protein intake on plasma 2-AG concentrations [18], we propose that the ECS is a possible route of
action by which dietary protein affects cardiometabolic risk and vascular function markers. Therefore,
this study aims to assess the effects of a high-protein (HP) versus a moderate-protein (MP) diet in
overweight participants on validated markers for cardiometabolic health and vascular function. As a
secondary objective, this study examines a possible association of those markers for cardiometabolic
health and vascular function with circulating endocannabinoids and related compounds concentrations.
This study was designed as a substudy of the PREVIEW intervention study [19].
2. Materials and Methods
The study was performed according to the Declaration of Helsinki and approved by the Maastricht
University Medical Centre’s Medical Research Ethics Committee (METC). The PREVIEW study was
registered on 29 January 2013 at ClinicalTrials.gov (NCT01777893). Written informed consent for
participation was collected from all participants prior to the study. The substudy was performed from
February 2017 until February 2018 in Maastricht, The Netherlands.
2.1. Study Design
The present study was set up as a substudy to PREVIEW, a study assessing the prevention
of diabetes through lifestyle intervention and population studies in Europe and around the world.
The PREVIEW study was funded through the European Union (EU) 7th Framework Program (grant
agreement no. 31205) [19]. Detailed information on the PREVIEW intervention and on the substudy
has been published [18,19]. In brief, the PREVIEW intervention started with 8 weeks of weight
loss, followed by 34 months of a randomized intervention with either a moderate-protein (MP),
moderate-glycemic index (GI) or a high-protein (HP), low-GI diet, combined with either moderate- or
high-intensity physical activity in a parallel design. After 34 months, a subgroup of 40 participants
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from the PREVIEW cohort [19] of Maastricht University in the Netherlands was recruited for the
respiration chamber experiment [18]. Two participants of the 40 recruited dropped out due to a lack of
time. Inclusion criteria for PREVIEW were previously described [19]. In short, participants were aged
between 25 and 70 years and had to be overweight (BMI >25 kg/m2). Adults with prediabetes were
included, defined as a fasting plasma glucose concentration between 5.6 and 6.9 mmol/L and/or a 2 h
plasma glucose between 7.8 and 11.0 mmol/L following an oral glucose tolerance test (OGTT) [19].
For the substudy, participants arrived fasted (from 10:00 p.m. the evening before) at the
research facilities in the Metabolic Research Unit Maastricht. At baseline, fasted blood samples
were drawn, and anthropometric measurements included weight and body composition (BOD POD,
Life Measurement Inc., Concord, CA, USA). Vascular function markers were assessed prior to and after
their 48-h stay in the respiration chamber (in the following the terms pre- and post-respiration chamber
will be used to refer to these measurement time points). In the respiration chambers energy expenditure
was assessed by means of a continuous O2 and CO2 concentration measurement. The open-circuit
indirect calorimetry was possible due to the airtight set up of the rooms with controlled climate
and continuous fresh air ventilation [20]. Participants received three standardized meals per day,
either with moderate-protein (MP: 15/55/30% energy from protein/carbohydrate/fat, respectively) or
high-protein (HP: 25/45/30% energy from protein/carbohydrate/fat, respectively) content, which were
in accordance with participants’ assigned intervention group during the PREVIEW study. Physical
activity intensity based on the intervention was evenly spread (n = 8 high intensity and n = 12 moderate
intensity in the HP group and n = 8 high intensity and n = 10 moderate intensity in the MP group) for
the respiration chamber study. Fat content and quality were comparable between the groups. At the
start of the substudy, participants did not significantly differ in their habitual dietary protein intake.
All meals were provided through the laboratory and the investigators to reach energy balance tailored
to individual energy requirements [18].
2.2. Cardiometabolic Risk Markers
2.2.1. Ambulatory and Office Blood Pressure
Ambulatory BP (AMBP) was measured at regular intervals during the 48 h in the respiration
chamber with a portable BP monitor (Mobil-O-Graph® NG; APC Cardiovascular, Hartford, UK) as
explained by Joris and colleagues [21]. In short, AMBP was measured in 15 min intervals during
daytime (7:30 a.m.–11:30 p.m.) and in 30 min intervals during nighttime (11:30 p.m.–7:30 a.m.). The first
measurement was discarded from the analysis and mean values for systolic blood pressure (SBP) and
diastolic blood pressure (DBP), heart rate (HR), mean arterial pressure (MAP), and pulse pressure (PP)
were calculated for the total 48 h period, as well as for daytime (7:30 a.m.–11:30 p.m.) and nighttime
(11:30 p.m.–7:30 a.m.) separately. Additionally, systolic and diastolic dipping during the night were
calculated as described [21].
Office BP was measured (Microlife, Wildnau, Switzerland) in supine position. The mean SBP and
DBP were assessed, while the mean arterial pressure (MAP) and pulse pressure (PP) were calculated
afterwards using the following formulae: MAP = 1/3 × SBP + 2/3 × DBP and PP = SBP − DBP.
2.2.2. Serum Lipids and Lipoproteins
Fasting blood samples were taken in tubes equipped for serum separation (Becton, Dickinson
and Company, Franklin Lakes, NY, USA) by venipuncture from the antecubital vein at pre- and
post- respiration chamber time points. Clotting was allowed for 30 min at room temperature before
centrifugation (10 min, 1500× g, 4 ◦C). Aliquots were stored at −80 ◦C until analysis. Serum aliquots
were used for the analysis of total cholesterol (TC) (CHOD-PAP method, Roche Diagnostics System,
Mannheim, Germany), high-density lipoprotein (HDL) cholesterol (precipitation method followed by
CHOD-PAP method; Roche Diagnostics System), and triacylglycerol (TAG; GPO Trinder; Sigma-Aldrich
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Corp., St. Louis, MO, USA). Low-density lipoprotein (LDL) cholesterol concentrations were calculated
using the Friedewald formula [22].
2.3. Vascular Function Measurements
Vascular function measurements were performed in a fasted state at pre- and post-respiration
chamber time points, in a quiet and darkened room. The room was temperature controlled at 24 ◦C.
Measurements were performed in supine position after an acclimatization period of at least 15 min.
Detailed information has been described before by Joris et al. [23]. In brief, endothelial function was
measured by brachial artery flow-mediated vasodilation (FMD) by use of ultrasound echography
(Sonos 5500, Hewlett-Packard, Palo Alto, CA, USA). Pulse wave analysis (PWA; cAIxHR75) and
carotid-to-femoral pulse wave velocity (PWVc–f) measurements were performed in triplicate with
a tonometer (SphygmoCor v9; AtCor Medical, West Ryde, Australia) to assess arterial stiffness,
and retinal vascular images were obtained to determine microvascular calibers using a nonmydriatic
retinal camera (Topcon TRC-NW-300; Topcon Co., Tokyo, Japan).
2.4. Endocannabinoids and Endocannabinoid-Related Compounds
Plasma from EDTA tubes (Becton, Dickinson and Company, Franklin Lakes, NY, USA) were
used for the analysis of AEA, PEA, OEA, 2-AG, and PREG as described [18]. Vacutainers contained
1% phenylmethylsulfonyl fluoride (PMSF) solution (10 mg PMSF in 1 mL methanol) and 5% 1N
hydrochloric acid at final concentration. EDTA tubes and syringes for the blood sampling were ice
chilled. After centrifugation (10 min, 1500 g, 4 ◦C) plasma was aliquoted and snap frozen immediately.
AEA, 2-AG, OEA, and PEA were quantified with mass spectral analyses 5LC-M/MS (TSQ Quantum
Access triple quadrupole instrument; Thermo-Finnigan, San Jose, CA, USA) [9,24,25] while PREG was
quantified with GC-MS/MS (gas chromatography-tandem mass spectrometer) XLS Ultra Thermo mass
spectrometer (Thermo-Finnigan, San Jose, CA, USA) via an AS3000 II autosampler [26]. Blood samples
for endocannabinoid analysis were drawn directly before and 60 min after all three meals with one
additional sample at 120 min after dinner.
2.5. Statistical Analyses
Sample size was powered based on the primary outcome energy expenditure [27]. SPSS version 25
was used for statistical analyses (SPSS for Macintosh; SPSS Inc., Chicago, IL, USA). Data are presented
as means ± standard deviation (SD). Data were log-transformed if not normally distributed as tested
by the Shapiro–Wilk test. The trapezoidal method was used to calculate the area under the curve
(AUC) for endocannabinoids and related substances [28] for the whole day. Differences at baseline
between groups were determined by ANOVA and the treatment effect was calculated by an ANCOVA
where the baseline variable was used as a covariate. Partial correlations with body fat % as covariate
were used to assess associations between cardiovascular parameters and endocannabinoids.
3. Results
3.1. Baseline Characteristics
Participant characteristics prior to the respiration chamber stay were previously described [18].
In brief, no differences in age, BMI, body composition, and C-reactive protein (CRP) were found
between the MP and HP intervention groups prior to the respiration chamber experiment (Table S1).
3.2. Cardiometabolic Risk Markers
3.2.1. Office and Ambulatory Blood Pressure
Mean 24 h, mean daytime, or mean nighttime ambulatory SBP, DBP, PP, and MAP were not
different between intervention groups. However, 24 h and daytime HR were significantly higher in the
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HP group (both p < 0.05). No differences in nighttime SBP or DBP dipping were observed (Table 1).
Similar results were observed for the office blood pressure measurements (Table S2).
Table 1. Ambulatory blood pressure measurements during 48 h of the respiration chamber stay with a
moderate- or high-protein dietary diet.
Moderate Protein
(n = 18)
High Protein
(n = 20)
24 h SBP (mmHg) 133 ± 12 131 ± 12
DBP (mmHg) 82 ± 8 79 ± 7
MAP (mmHg) 106 ± 9 103 ± 9
PP (mmHg) 51 ± 9 52 ± 9
HR (bpm) 62 ± 9 67 ± 5 *
Daytime SBP (mmHg) 139 ± 13 136 ± 13
DBP (mmHg) 86 ± 9 83 ± 8
MAP (mmHg) 111 ± 10 107 ± 9
PP (mmHg) 53 ± 10 53 ± 9
HR (bpm) 63 ± 9 69 ± 5 *
Nighttime SBP (mmHg) 116 ± 13 117 ± 15
DBP (mmHg) 68 ± 6 67 ± 8
MAP (mmHg) 90 ± 9 90 ± 11
PP (mmHg) 48 ± 10 48 ± 7
HR (bpm) 58 ± 8 61 ± 7
Dipping SBP (%) 16 ± 9 16 ± 3
DBP (%) 21 ± 6 19 ± 7
* p < 0.05. Values are presented as mean ± SD. A one-way ANOVA was used to calculate differences between the
groups. SBP = systolic blood pressure; DBP = diastolic blood pressure; MAP = mean arterial pressure; PP = pulse
pressure; HR = heart rate; bpm = beats per minute.
3.2.2. Serum Lipids and Lipoproteins
Effects of the high- and moderate-protein diet in the respiration chamber on metabolic risk markers
are presented in Table 2. Total cholesterol and LDL cholesterol concentrations were comparable between
intervention groups at pre- and post-respiration chamber measurements and did not change in any
of the groups. Changes in HDL cholesterol concentrations were not different between the MP and
HP intervention group. The total cholesterol/HDL cholesterol ratio was not different between groups
(Table 2). As described before, changes in TAG were less pronounced in the HP group [18].
Table 2. Metabolic risk markers at pre- and post-respiration chamber time points with a moderate- and
high-protein diet.
Moderate Protein
(n = 18)
High Protein
(n = 20) Treatment Effect
Pre 1 Post 1 Pre 1 Post 1
Difference in
Change 2
Total cholesterol (mmol/L) 5.6 ± 1.1 5.6 ± 1.0 5.6 ± 1.0 5.5 ± 1.0 −0.1 (−0.3; 0.2)
HDL cholesterol (mmol/L) 1.4 ± 0.3 1.3 ± 0.2 1.5 ± 0.3 1.4 ± 0.3 0.0 (−0.1; 0.1)
LDL cholesterol (mmol/L) 3.5 ± 0.9 3.4 ± 0.8 3.4 ± 0.9 3.3 ± 0.8 0.0 (−0.2; 0.2)
Total cholesterol/HDL cholesterol ratio 4.0 ± 0.9 4.4 ± 1.1 3.6 ± 0.7 3.9 ± 0.7 −0.1 (−0.3; 0.1)
1 Values are means± SD; 2 Treatment effects (95% confidence interval (CI)) were obtained from a one-factor ANCOVA
with baseline value as covariate. HDL = high-density lipoprotein; LDL = low-density lipoprotein.
3.3. Endothelial Function, Arterial Stiffness, and Retinal Microvascular Structure
FMD, an important marker reflecting vascular endothelial function, was not different between the
groups and was also similar comparing pre- and post-respiration chamber time points, as presented in
Table 3. Similar results were observed for markers of arterial stiffness, the central augmentation index
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adjusted for heart rate (cAIxHR75), and for PWVc-f. Finally, retinal microvascular calibers and the
arteriolar-to-venular ratio did not differ between treatment groups and did not change (Table 3).
Table 3. Vascular function measurements at pre- and post-respiration chamber time points with a
moderate- or high-protein dietary diet.
Moderate Protein
(n = 18)
High Protein
(n = 20) Treatment Effect
Pre 1 Post 1 Pre 1 Post 1
Difference in
Change 2
Vascular function
Baseline brachial diameter (cm) 0.58 ± 0.14 0.58 ± 0.10 0.57 ± 0.12 0.56 ± 0.14 −0.02 (−0.05; 0.01)
FMD (%) 3.4 ± 2.1 3.6 ± 2.3 4.4 ± 3.2 4.4 ± 3.3 0.4 (−1.5; 2.3)
Arterial stiffness
PWVc–f (m/s) 3 8.8 ± 1.5 8.6 ± 1.1 8.8 ± 1.3 8.8 ± 1.8 0.2 (−0.6; 0.9)
cAIxHR75 (%) 22.1 ± 8.2 21.5 ± 7.1 25.4 ± 7.0 23.3 ± 8.8 −0.7 (−4.6; 3.2)
Retinal microvascular structure
Arteriolar width (µm) 4 128 ± 19 127 ± 20 124 ± 23 125 ± 19 2.4 (−1.9; 6.8)
Venular width (µm) 4 222 ± 25 220 ± 24 214 ± 29 215 ± 29 2.2 (−2.1; 6.5)
Arteriolar-to-venular ratio 2 0.58 ± 0.09 0.58 ± 0.09 0.58 ± 0.1 0.59 ± 0.08 0.01 (−0.02; 0.04)
1 Values are presented as means ± SD; 2 Treatment effects are mean changes (95% CI) obtained from one-factor
ANCOVA with baseline value as covariate. 3 Moderate-protein group (MP): n = 17; high-protein group (HP):
n = 19. 4 MP: n = 17; HP: n = 18. FMD = flow-mediated dilation; PWVc–f = carotid-to-femoral pulse wave
velocity; cAIxHR75 = central augmentation index adjusted for heart rate, derived from pulse wave analysis
(PWA) measurement.
3.4. Endocannabinoids and Endocannabinoid-Related Compounds
As previously described [18], plasma 2-AG concentrations increased after meals and were generally
higher in the HP condition. AEA, OEA, PEA, and PREG decreased throughout the day and were not
affected by dietary protein intake [18]. AEA, 2-AG, OEA, and PEA were all positively associated with
body fat percentage [29].
Plasma OEA concentrations were positively associated with 24 h and daily AMBP HR (Figure 1),
total cholesterol, and LDL cholesterol (Figure 1), while PEA was positively associated with total
cholesterol, LDL cholesterol, and HDL cholesterol (Figure 1). As there were no differences in PEA
and OEA between the two intervention groups, the associations are presented for the whole group.
In contrast, 2-AG, AEA, and PREG showed no associations with cardiometabolic risk or vascular
function markers.
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4. Discussion
In the current study the effects of a high-protein diet on cardiometabolic health and vascular
function markers were examined in overweight participants. The study indicates that a diet with a
higher protein content did not affect markers for metabolic health and vascular function, as serum
lipoprotein concentrations and BP or markers for endothelial function, respectively. Only HR was
higher with a HP diet. As a secondary aim, possible associations of markers for cardiometabolic
health and vascular function with endocannabinoids and endocannabinoid-related compounds were
examined. Here, the endocannabinoid-related compounds OEA and PEA were positively associated
with cardiometabolic risk markers, such as serum cholesterol concentrations and HR, independent of
protein intake.
In general, most of the individuals in the current study can be classified as hypertensive according to
the 2018 European Society of Cardiology/ European Society of Hypertension (ESC/ESH) guidelines [30].
In a previous study, a HP diet reduced DBP compared to a normal protein diet, when combined
with weight loss [31]. In the present study, no effects on BP were found comparing the two protein
intervention groups. However, studies reporting effects of dietary protein on the regulation of blood
pressure are conflicting [32,33], possibly due to the type of protein, whether it originates from plants or
animals, or due to a specific amino acid composition. In the context of the amino acid composition,
sulfur-containing amino acids like cysteine or methionine may raise blood pressure, while amino acids
involved in gluconeogenesis may have lowering effects on blood pressure [34]. In the current study,
a mixed-protein diet was used without any focus on the origin of protein or on a particular amino acid
composition, which may explain the lack of effect on BP.
In contrast, HR was higher with a higher dietary protein content. This may be an explanation
for the protein-induced effects on energy balance as discussed previously [27]. A positive association
between HR and energy expenditure has been demonstrated and employed to develop a prediction
model for energy expenditure in free living conditions based on heart rate [35].
The link between endocannabinoids and blood pressure is still unclear and clinical studies are
limited. However, pharmacological blockade of the CB1 receptor reduced BP in humans [13,14],
suggesting a possible relationship of the ECS with blood pressure. The fact that the relationship could
not be confirmed in the present study may be explained by the different study set up, as previous
studies focused on the deactivation of the receptor instead of investigating the relationship between
BP and plasma endocannabinoid concentrations.
In our study, we observed a positive association between the endocannabinoid-related compound
OEA with HR. A possible connection of cannabis use and HR was previously found, in which
tetrahydrocannabinol (THC), an active compound of cannabis, increased HR without concomitant
changes in BP [36]. As THC interacts to CB1, in contrast to OEA which acts CB1-independent,
we suggest that effects on heart rate could also originate from a CB1 receptor independent mechanism.
Next to BP, metabolic risk markers were measured. No statistically significant differences in
total cholesterol, LDL cholesterol, and HDL cholesterol concentrations were observed between the
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two protein intervention groups, possibly due to the short duration of the respiration chamber
experiment. In addition, the total cholesterol/HDL cholesterol ratio did not differ. So far, the literature
is inconclusive with regard to lipoprotein metabolism and protein intake. While beneficial effects on
serum lipoprotein concentrations, independent of the amount of dietary fat intake, were only present in
healthy, young individuals with a high-protein diet [37], studies in overweight and obese participants
did not show a clear effect of a mixed-protein diet on serum lipoprotein concentrations [31,38,39].
In contrast, a meta-analysis investigating the effects of soy protein on lipoprotein concentrations
indicated a reduction in LDL cholesterol [40,41], supporting the idea that the type of protein may be of
great importance.
The ECS has been discussed to play a role in lipid metabolism [42], dyslipidemia,
and lipogenesis [43]. In the current study, total cholesterol and LDL cholesterol concentrations
were associated with OEA and PEA, independent of protein intake, suggesting a possible regulatory
role for OEA and PEA in lipidemia. Meanwhile, 2-AG, AEA, and PREG were not related to any of the
circulating risk markers.
Generally, OEA concentrations in saliva are higher in obese individuals compared to lean
individuals [44] and associated with visceral fat content [45]. Animal data indicated a cholesterol
lowering effect of OEA treatment [46]. While the animal data are not in agreement with the outcome of
the current study, the ECS in animals may not necessarily be representative of the human ECS. PEA,
in contrast, has been positively associated with total cholesterol and LDL cholesterol concentrations [47].
Interestingly, associations of PEA with HDL cholesterol were also positive in the current study whilst
inverse associations were demonstrated previously [14]. The literature showed a positive association
of 2-AG with TAG and a negative association with HDL cholesterol [9], while no associations were
found in the current study.
No effects of a diet with a higher protein content were observed on vascular function which is in
line with previous literature [48]. With regard to vascular function, most of the studies focused on
the effect of specific proteins like whey or dairy products instead of a whole-protein approach. Whey
protein intake was shown to improve FMD [49], whereas there was no effect of dairy intake on FMD
and other markers for endothelial function [50,51], and no effect was reported by a mixed-protein
approach [48]. Arterial stiffness improved after soy [52] and whey interventions [53]. However, due to
the fact that this substudy was powered on energy expenditure, we cannot exclude power issues here
as well. Literature regarding the relationship of vascular function and endocannabinoids is vague
and barely investigated in clinical trials. In the current study, vascular functional markers did not
relate to any of the endocannabinoid measurements. Similarly, OEA and PEA were not related to
endothelial function in previous studies [54]. However, a connection between the ECS and vascular
function cannot be ruled out completely as PEA was proposed to be a potential biomarker predicting
coronary dysfunction in morbidly obese patients [54].
A limitation of the current study is the investigation of a diet with a higher protein/carbohydrate
ratio compared to a diet with a lower protein/carbohydrate ratio, which omits the possibility of a
clear separation between effects of an isolated higher protein concentration, a lower carbohydrate
concentration, or a combination of both. In addition, the duration of the substudy was very short
which makes a comparison with longer-term interventions difficult and we cannot rule out possible
effects of the weight-loss intervention the participants followed before this substudy. Due to the
complexity of protein quality and other factors of influence, follow-up studies are needed to confirm
the relevance for ‘normal life’ conditions and to show whether the results can be extrapolated to
overweight participants in general. The ECS is an extensive system, including different receptors,
receptor variants, and ligands [11], that is associated with several anthropometric factors such as age
and BMI [44,55], which further complicate interpretation of possible effects.
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5. Conclusions
In conclusion, our data suggest that a diet with a higher dietary protein content did not affect
cardiometabolic health and vascular function markers in overweight participants. Our data also
indicate a possible relation between OEA and PEA and serum lipoprotein concentrations, independent
of protein intake. Further research is needed to clarify the link between endocannabinoids, their related
compounds, and cardiometabolic health from a more mechanistic perspective.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/5/1512/s1,
Table S1: Subject characteristics of the moderate- and high-protein group prior to the respiration chamber
stay. Table S2: Office blood pressure at pre- and post-respiration chamber time points with a moderate- or
high-protein diet.
Author Contributions: Conceptualization, B.G.-C., M.S.W.-P., and T.C.A.; methodology, L.T., M.D., B.G.-C.,
M.S.W.-P., and T.C.A.; investigation, L.T., M.D., and B.G.-C.; data curation, L.T., M.D., and I.M.; formal analysis,
L.T., M.D., P.J.J., and T.C.A.; project administration, L.T. and M.D.; writing—original draft preparation, L.T.;
writing—review and editing, M.D., P.J.J., B.G.-C., A.R., M.F., I.M., D.C., R.P.M., M.S.W.-P., and T.C.A.; visualization,
L.T.; supervision, P.J.J., R.P.M., M.S.W.-P., and T.C.A.; funding acquisition, T.C.A.; A.R., and M.S.W.-P. All authors
have read and agreed to the published version of the manuscript.
Funding: This research was funded by the EU 7th Framework Programme, grant number 312057
(FP7-KBBE-2012.2.2-03) and by the Dutch Organization for Scientific Research (NWO ASPASIA (grant
no. 015.010.034). D.C. and I.M. are supported by INSERM. The analytical chemistry platform at Neurocentre
Magendie is supported through INSERM and Labex BRAIN ANR-10-LABX-43.
Acknowledgments: We would like to acknowledge Maud Beckers for analyzing the blood samples, Georgina
Balcells-Aribau for technical help regarding the analysis of endocannabinoids and related compounds, and our
participants for taking part in the study.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.
References
1. World Health Organization. Cardiovascular Diseases (CVDs) Fact Sheet. Available online: http://www.who.
int/en/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds) (accessed on 19 November 2019).
2. Mendis, S.; Puska, P.; Norrving, B.; World Health Organization; World Heart Federation. Global Atlas
on Cardiovascular Disease Prevention and Control; World Health Organization: Geneva, Switzerland, 2011;
pp. 3–18.
3. Drummen, M.; Tischmann, L.; Gatta-Cherifi, B.; Adam, T.; Westerterp-Plantenga, M. Dietary Protein and
Energy Balance in Relation to Obesity and Co-morbidities. Front. Endocrinol. (Lausanne) 2018, 9, 443.
[CrossRef] [PubMed]
4. Pedersen, A.N.; Kondrup, J.; Borsheim, E. Health effects of protein intake in healthy adults: A systematic
literature review. Food Nutr. Res. 2013, 57. [CrossRef] [PubMed]
5. Huntriss, R.; Campbell, M.; Bedwell, C. The interpretation and effect of a low-carbohydrate diet in the
management of type 2 diabetes: A systematic review and meta-analysis of randomised controlled trials.
Eur. J. Clin. Nutr. 2018, 72, 311–325. [CrossRef] [PubMed]
6. Santesso, N.; Akl, E.A.; Bianchi, M.; Mente, A.; Mustafa, R.; Heels-Ansdell, D.; Schunemann, H.J. Effects
of higher- versus lower-protein diets on health outcomes: A systematic review and meta-analysis. Eur. J.
Clin. Nutr. 2012, 66, 780–788. [CrossRef]
7. Schwingshackl, L.; Hoffmann, G. Long-term effects of low-fat diets either low or high in protein on
cardiovascular and metabolic risk factors: A systematic review and meta-analysis. Nutr. J. 2013, 12, 48.
[CrossRef]
8. Teunissen-Beekman, K.F.; Dopheide, J.; Geleijnse, J.M.; Bakker, S.J.; Brink, E.J.; de Leeuw, P.W.; Serroyen, J.;
van Baak, M.A. Blood pressure decreases more after high-carbohydrate meals than after high-protein meals
in overweight adults with elevated blood pressure, but there is no difference after 4 weeks of consuming a
carbohydrate-rich or protein-rich diet. J. Nutr. 2013, 143, 424–429. [CrossRef]
Nutrients 2020, 12, 1512 10 of 12
9. Cote, M.; Matias, I.; Lemieux, I.; Petrosino, S.; Almeras, N.; Despres, J.P.; Di Marzo, V. Circulating
endocannabinoid levels, abdominal adiposity and related cardiometabolic risk factors in obese men. Int. J.
Obes. (Lond) 2007, 31, 692–699. [CrossRef]
10. Kunos, G.; Jarai, Z.; Batkai, S.; Goparaju, S.K.; Ishac, E.J.; Liu, J.; Wang, L.; Wagner, J.A. Endocannabinoids as
cardiovascular modulators. Chem. Phys. Lipids 2000, 108, 159–168. [CrossRef]
11. Sarzani, R. Endocannabinoids, blood pressure and the human heart. J. Neuroendocrinol. 2008, 20 (Suppl. 1),
58–62. [CrossRef]
12. Stanley, C.; O’Sullivan, S.E. Vascular targets for cannabinoids: Animal and human studies. Br. J. Pharmacol.
2014, 171, 1361–1378. [CrossRef]
13. Scheen, A.J.; Finer, N.; Hollander, P.; Jensen, M.D.; Van Gaal, L.F.; Group, R.I.-D.S. Efficacy and tolerability of
rimonabant in overweight or obese patients with type 2 diabetes: A randomised controlled study. Lancet
2006, 368, 1660–1672. [CrossRef]
14. Van Gaal, L.F.; Rissanen, A.M.; Scheen, A.J.; Ziegler, O.; Rossner, S.; Group, R.I.-E.S. Effects of the cannabinoid-1
receptor blocker rimonabant on weight reduction and cardiovascular risk factors in overweight patients:
1-year experience from the RIO-Europe study. Lancet 2005, 365, 1389–1397. [CrossRef]
15. Woods, S.C. Role of the endocannabinoid system in regulating cardiovascular and metabolic risk factors.
Am. J. Med. 2007, 120, S19–S25. [CrossRef] [PubMed]
16. Christensen, R.; Kristensen, P.K.; Bartels, E.M.; Bliddal, H.; Astrup, A. Efficacy and safety of the weight-loss
drug rimonabant: A meta-analysis of randomised trials. Lancet 2007, 370, 1706–1713. [CrossRef]
17. Engeli, S.; Lehmann, A.C.; Kaminski, J.; Haas, V.; Janke, J.; Zoerner, A.A.; Luft, F.C.; Tsikas, D.; Jordan, J.
Influence of dietary fat intake on the endocannabinoid system in lean and obese subjects. Obesity (Silver Spring)
2014, 22, E70–E76. [CrossRef] [PubMed]
18. Tischmann, L.; Drummen, M.; Gatta-Cherifi, B.; Raben, A.; Fogelholm, M.; Hartmann, B.; Holst, J.J.; Matias, I.;
Cota, D.; Mensink, R.P.; et al. Effects of a High-Protein/Moderate-Carbohydrate Diet on Appetite, Gut
Peptides, and Endocannabinoids-A Preview Study. Nutrients 2019, 11, 2269. [CrossRef]
19. Fogelholm, M.; Larsen, T.M.; Westerterp-Plantenga, M.; Macdonald, I.; Martinez, J.A.; Boyadjieva, N.;
Poppitt, S.; Schlicht, W.; Stratton, G.; Sundvall, J.; et al. PREVIEW: Prevention of Diabetes through Lifestyle
Intervention and Population Studies in Europe and around the World. Design, Methods, and Baseline
Participant Description of an Adult Cohort Enrolled into a Three-Year Randomised Clinical Trial. Nutrients
2017, 9, 632. [CrossRef]
20. Schoffelen, P.F.; Westerterp, K.R.; Saris, W.H.; Ten Hoor, F. A dual-respiration chamber system with automated
calibration. J. Appl. Physiol. (1985) 1997, 83, 2064–2072. [CrossRef]
21. Joris, P.J.; Plat, J.; Bakker, S.J.; Mensink, R.P. Long-term magnesium supplementation improves arterial stiffness
in overweight and obese adults: Results of a randomized, double-blind, placebo-controlled intervention trial.
Am. J. Clin. Nutr. 2016, 103, 1260–1266. [CrossRef]
22. Friedewald, W.T.; Levy, R.I.; Fredrickson, D.S. Estimation of the concentration of low-density lipoprotein
cholesterol in plasma, without use of the preparative ultracentrifuge. Clin. Chem. 1972, 18, 499–502.
[CrossRef]
23. Joris, P.J.; Plat, J.; Kusters, Y.H.; Houben, A.J.; Stehouwer, C.D.; Schalkwijk, C.G.; Mensink, R.P. Diet-induced
weight loss improves not only cardiometabolic risk markers but also markers of vascular function:
A randomized controlled trial in abdominally obese men. Am. J. Clin. Nutr. 2017, 105, 23–31. [CrossRef]
[PubMed]
24. Gatta-Cherifi, B.; Matias, I.; Vallee, M.; Tabarin, A.; Marsicano, G.; Piazza, P.V.; Cota, D. Simultaneous
postprandial deregulation of the orexigenic endocannabinoid anandamide and the anorexigenic peptide YY
in obesity. Int. J. Obes. (Lond) 2012, 36, 880–885. [CrossRef] [PubMed]
25. Kingsley, P.J.; Marnett, L.J. LC-MS-MS analysis of neutral eicosanoids. Methods Enzym. 2007, 433, 91–112.
[CrossRef]
26. Vallee, M.; Vitiello, S.; Bellocchio, L.; Hebert-Chatelain, E.; Monlezun, S.; Martin-Garcia, E.; Kasanetz, F.;
Baillie, G.L.; Panin, F.; Cathala, A.; et al. Pregnenolone can protect the brain from cannabis intoxication.
Science 2014, 343, 94–98. [CrossRef] [PubMed]
Nutrients 2020, 12, 1512 11 of 12
27. Drummen, M.; Tischmann, L.; Gatta-Cherifi, B.; Fogelholm, M.; Raben, A.; Adam, T.C.;
Westerterp-Plantenga, M.S. High Compared with Moderate Protein Intake Reduces Adaptive Thermogenesis
and Induces a Negative Energy Balance during Long-term Weight-Loss Maintenance in Participants with
Prediabetes in the Postobese State: A PREVIEW Study. J. Nutr. 2020, 150, 458–463. [CrossRef] [PubMed]
28. Matthews, J.N.; Altman, D.G.; Campbell, M.J.; Royston, P. Analysis of serial measurements in medical
research. BMJ 1990, 300, 230–235. [CrossRef]
29. Drummen, M.; Tischmann, L.; Gatta-Cherifi, B.; Fogelholm, M.; Raben, A.; Adam, T.C.;
Westerterp-Plantenga, M. Role of endocannabinoids in energy balance regulation in participants in the
post-obese state —A PREVIEW study. J. Clin. Endocrinol. Metab. 2020, dgaa193. [CrossRef]
30. Williams, B.; Mancia, G.; Spiering, W.; Agabiti Rosei, E.; Azizi, M.; Burnier, M.; Clement, D.L.; Coca, A.; de
Simone, G.; Dominiczak, A.; et al. 2018 ESC/ESH Guidelines for the management of arterial hypertension.
Eur. Heart J. 2018, 39, 3021–3104. [CrossRef]
31. Soenen, S.; Martens, E.A.; Hochstenbach-Waelen, A.; Lemmens, S.G.; Westerterp-Plantenga, M.S. Normal
protein intake is required for body weight loss and weight maintenance, and elevated protein intake
for additional preservation of resting energy expenditure and fat free mass. J. Nutr. 2013, 143, 591–596.
[CrossRef]
32. Dasinger, J.H.; Fehrenbach, D.J.; Abais-Battad, J.M. Dietary Protein: Mechanisms Influencing Hypertension
and Renal Disease. Curr. Hypertens. Rep. 2020, 22, 13. [CrossRef]
33. Soenen, S.; Bonomi, A.G.; Lemmens, S.G.; Scholte, J.; Thijssen, M.A.; van Berkum, F.;
Westerterp-Plantenga, M.S. Relatively high-protein or ’low-carb’ energy-restricted diets for body weight loss
and body weight maintenance? Physiol. Behav. 2012, 107, 374–380. [CrossRef] [PubMed]
34. Veldhorst, M.; Smeets, A.; Soenen, S.; Hochstenbach-Waelen, A.; Hursel, R.; Diepvens, K.; Lejeune, M.;
Luscombe-Marsh, N.; Westerterp-Plantenga, M. Protein-induced satiety: Effects and mechanisms of different
proteins. Physiol. Behav. 2008, 94, 300–307. [CrossRef] [PubMed]
35. Schrack, J.A.; Zipunnikov, V.; Goldsmith, J.; Bandeen-Roche, K.; Crainiceanu, C.M.; Ferrucci, L. Estimating
energy expenditure from heart rate in older adults: A case for calibration. PLoS ONE 2014, 9, e93520.
[CrossRef] [PubMed]
36. Kanakis, C., Jr.; Pouget, J.M.; Rosen, K.M. The effects of delta-9-tetrahydrocannabinol (cannabis) on cardiac
performance with and without beta blockade. Circulation 1976, 53, 703–707. [CrossRef] [PubMed]
37. Wolfe, B.M.; Piche, L.A. Replacement of carbohydrate by protein in a conventional-fat diet reduces cholesterol
and triglyceride concentrations in healthy normolipidemic subjects. Clin. Investig. Med. 1999, 22, 140–148.
38. Due, A.; Toubro, S.; Stender, S.; Skov, A.R.; Astrup, A. The effect of diets high in protein or carbohydrate on
inflammatory markers in overweight subjects. Diabetes Obes. Metab. 2005, 7, 223–229. [CrossRef]
39. Krebs, J.D.; Elley, C.R.; Parry-Strong, A.; Lunt, H.; Drury, P.L.; Bell, D.A.; Robinson, E.; Moyes, S.A.; Mann, J.I.
The Diabetes Excess Weight Loss (DEWL) Trial: A randomised controlled trial of high-protein versus
high-carbohydrate diets over 2 years in type 2 diabetes. Diabetologia 2012, 55, 905–914. [CrossRef]
40. Anderson, J.W.; Bush, H.M. Soy protein effects on serum lipoproteins: A quality assessment and meta-analysis
of randomized, controlled studies. J. Am. Coll. Nutr. 2011, 30, 79–91. [CrossRef]
41. Harland, J.I.; Haffner, T.A. Systematic review, meta-analysis and regression of randomised controlled
trials reporting an association between an intake of circa 25 g soya protein per day and blood cholesterol.
Atherosclerosis 2008, 200, 13–27. [CrossRef]
42. Simon, V.; Cota, D. Mechanisms in Endocrinology: Endocannabinoids and metabolism: Past, present and
future. Eur. J. Endocrinol. 2017, 176, R309–R324. [CrossRef]
43. Nesto, R.W.; Mackie, K. Endocannabinoid system and its implications for obesity and cardiometabolic risk.
Eur. Heart J. 2008, 10, B34–B41. [CrossRef]
44. Matias, I.; Gatta-Cherifi, B.; Tabarin, A.; Clark, S.; Leste-Lasserre, T.; Marsicano, G.; Piazza, P.V.; Cota, D.
Endocannabinoids measurement in human saliva as potential biomarker of obesity. PLoS ONE 2012, 7,
e42399. [CrossRef] [PubMed]
45. Abdulnour, J.; Yasari, S.; Rabasa-Lhoret, R.; Faraj, M.; Petrosino, S.; Piscitelli, F.; Prud’ Homme, D.;
Di Marzo, V. Circulating endocannabinoids in insulin sensitive vs. insulin resistant obese postmenopausal
women. A MONET group study. Obesity (Silver Spring) 2014, 22, 211–216. [CrossRef] [PubMed]
46. Fu, J.; Oveisi, F.; Gaetani, S.; Lin, E.; Piomelli, D. Oleoylethanolamide, an endogenous PPAR-alpha agonist,
lowers body weight and hyperlipidemia in obese rats. Neuropharmacology 2005, 48, 1147–1153. [CrossRef]
Nutrients 2020, 12, 1512 12 of 12
47. Pataky, Z.; Carrard, I.; Gay, V.; Thomas, A.; Carpentier, A.; Bobbioni-Harsch, E.; Golay, A. Effects of a
Weight Loss Program on Metabolic Syndrome, Eating Disorders and Psychological Outcomes: Mediation by
Endocannabinoids? Obes. Facts 2018, 11, 144–156. [CrossRef]
48. Ferrara, L.A.; Innelli, P.; Palmieri, V.; Limauro, S.; De Luca, G.; Ferrara, F.; Liccardo, E.; Celentano, A. Effects
of different dietary protein intakes on body composition and vascular reactivity. Eur. J. Clin. Nutr. 2006, 60,
643–649. [CrossRef]
49. Fekete, A.A.; Giromini, C.; Chatzidiakou, Y.; Givens, D.I.; Lovegrove, J.A. Whey protein lowers systolic
blood pressure and Ca-caseinate reduces serum TAG after a high-fat meal in mildly hypertensive adults.
Sci. Rep. 2018, 8, 5026. [CrossRef]
50. Maki, K.C.; Rains, T.M.; Schild, A.L.; Dicklin, M.R.; Park, K.M.; Lawless, A.L.; Kelley, K.M. Effects of low-fat
dairy intake on blood pressure, endothelial function, and lipoprotein lipids in subjects with prehypertension
or stage 1 hypertension. Vasc. Health Risk Manag. 2013, 9, 369–379. [CrossRef]
51. Yaron, M.; Roach, V.; Izkhakov, E.; Ish-Shalom, M.; Sack, J.; Sofer, Y.; Azzam, I.; Ray, A.; Stern, N.;
Tordjman, K.M. Effects of a typical acute oral calcium load on arterial properties and endothelial function in
healthy subjects. Eur. J. Clin. Nutr. 2014, 68, 608–612. [CrossRef]
52. Reverri, E.J.; LaSalle, C.D.; Franke, A.A.; Steinberg, F.M. Soy provides modest benefits on endothelial function
without affecting inflammatory biomarkers in adults at cardiometabolic risk. Mol. Nutr. Food Res. 2015, 59,
323–333. [CrossRef]
53. Pal, S.; Ellis, V. The chronic effects of whey proteins on blood pressure, vascular function, and inflammatory
markers in overweight individuals. Obesity (Silver Spring) 2010, 18, 1354–1359. [CrossRef] [PubMed]
54. Quercioli, A.; Carbone, F.; Bonaventura, A.; Liberale, L.; Pataky, Z.; Thomas, A.; Lenglet, S.; Lauer, E.;
Golay, A.; Dallegri, F.; et al. Plasma palmitoylethanolamide (PEA) as a potential biomarker for impaired
coronary function. Int. J. Cardiol. 2017, 231, 1–5. [CrossRef] [PubMed]
55. Paradisi, A.; Oddi, S.; Maccarrone, M. The endocannabinoid system in ageing: A new target for drug
development. Curr. Drug Targets 2006, 7, 1539–1552. [CrossRef] [PubMed]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
